Background-Oxidative stress is causally linked to the progression of heart failure, and mitochondria are critical sources of reactive oxygen species in failing myocardium. We previously observed that in heart failure, elevated cytosolic Na (3 Hz) , and a transition of workload was induced by ␤-adrenergic stimulation. During this transition, NAD(P)H initially oxidized but recovered when [Ca 2ϩ ] m increased. The transient oxidation of NAD(P)H was closely associated with an increase in mitochondrial H 2 O 2 formation. This reactive oxygen species formation was potentiated when mitochondrial Ca 2ϩ uptake was blocked (by Ru360) or Ca 2ϩ efflux was accelerated (by elevation of [Na ϩ ] i ). In failing myocytes, H 2 O 2 formation was increased, which was prevented by reducing mitochondrial Ca 2ϩ efflux via the mitochondrial Na ϩ /Ca 2ϩ exchanger. Conclusions-Besides matching energy supply and demand, mitochondrial Ca 2ϩ uptake critically regulates mitochondrial reactive oxygen species production. In heart failure, elevated [Na ϩ ] i promotes reactive oxygen species formation by reducing mitochondrial Ca 2ϩ uptake. This novel mechanism, by which defects in ion homeostasis induce oxidative stress, represents a potential drug target to reduce reactive oxygen species production in the failing heart. (Circulation. 2010;121:1606-1613.) Key Words: heart failure Ⅲ sodium Ⅲ calcium Ⅲ free radicals Ⅲ ion channels O xidative stress plays a fundamental role in many cardiovascular diseases and aging. 1, 2 In chronic heart failure, oxidative stress is causally linked to the progression of the disease, 1, 3, 4 and mitochondria were identified as critical sources of reactive oxygen species (ROS) in the heart. 5 ROS impair excitation-contraction (EC) coupling, 6 -8 cause arrhythmias, 9 and contribute to cardiac remodeling by activating signaling pathways that induce hypertrophy, apoptosis, and necrosis. 10 -13 The precise mechanisms that regulate mitochondrial ROS formation, however, are incompletely understood.
Clinical Perspective on p 1613
In cardiac myocytes, the processes of EC coupling consume large amounts of ATP, which is replenished by oxidative phosphorylation in mitochondria. Because the heart undergoes frequent changes in workload, precise matching of ATP supply and demand is essential to maintain cardiac function. 14 Two key regulators of oxidative phosphorylation are ADP and Ca 2ϩ . When energy consumption increases (eg, during ␤-adrenergic stimulation), elevated ADP stimulates ATP production at the F 1 /F 0 -ATPase (Figure 1 ). This accelerates electron flux along the electron transport chain (ETC) and oxidizes the primary electron donor, NADH. To maintain the higher electron fluxes, a concomitant increase in NADH production must occur. This is accomplished by Ca 2ϩ -induced stimulation of rate-controlling dehydrogenases of the Krebs cycle. 15 ] m ) increases. 16 Thus, energy supply and demand matching is closely linked to the processes of EC coupling.
In chronic heart failure, perturbations of EC coupling cause contractile dysfunction. 18, 19 One major deficit is a decreased Ca 2ϩ load of the sarcoplasmic reticulum, which reduces cytosolic Ca 2ϩ transients. 18, 19 On the other hand, the cytosolic Na ϩ concentration ([Na ϩ ] i ) is elevated, which facilitates cytosolic Ca 2ϩ influx via the sarcolemmal Na ϩ /Ca 2ϩ exchanger during the action potential. 20 -23 Although this compensates in part for the decreased sarcoplasmic reticulum Ca 2ϩ load, we previously reported that an elevation of [Na ϩ ] i negatively affects energy supply and demand matching. 17 17, 24 Besides its elemental role in the regulation of oxidative phosphorylation via NADH, the Krebs cycle may also play a key role in recovery of the antioxidative capacity of the mitochondrial matrix. Under physiological conditions, 0.2% to 2% of oxygen is incompletely reduced to superoxide ( ⅐ O 2 Ϫ ) at the ETC, which is then dismutated to H 2 O 2 by the matrix-located superoxide dismutase. 2 H 2 O 2 , in turn, is eliminated by peroxiredoxin and glutathione peroxidase, 2 and the regeneration of these enzymes requires reduced NADPH (Figure 1) . 25, 26 Oxidized NADP ϩ is recovered to NADPH by NADP ϩ -dependent isocitrate dehydrogenase, NADP ϩ -dependent malic enzyme, and nicotinamide nucleotide transhydrogenase. 25 Considering that all 3 NADPH-regenerating enzymes derive their substrates from the Krebs cycle (isocitrate, malate, and NADH; Figure 1) 
Methods
A detailed Methods section can be found in the online-only Data Supplement.
Heart Failure Model and Functional Evaluation
Aortic banding was performed in guinea pigs as described previously. 24 Animals underwent echocardiography every 2 weeks after surgery. Left ventricular ejection fraction was calculated with VisualSonics V1.3.8 software from 2-dimensional long-axis views. When a decrease in ejection fraction was observed, animals were euthanized, heart weight/body weight was measured, and cardiomyocytes were isolated.
Cell Isolation
Cardiac myocytes were isolated from normal and failing guinea pig hearts by enzymatic digestion and stored in supplemented Dulbecco's modified Eagle's medium (Invitrogen, Karlsruhe, Germany) as described previously. 17, 24 
Patch-Clamp Experiments
Myocytes were voltage clamped in the whole-cell configuration (37°C, pipette resistance 2 to 4 M⍀) and equilibrated with a physiological K ϩ -glutamate-based pipette solution as described previously. 17, 24 For the experiments in Figures 2 through 5, myocytes were depolarized from Ϫ80 to 10 mV at 3 Hz for 80 ms, and isoproterenol (10 and 100 nmol/L) was used to increase workload via ␤-adrenergic stimulation. To inhibit the MCU, Ru360 (1 mol/L) was added to the pipette solution. Alternatively, [Na ϩ ]in the pipette solution was raised from 5 to 15 mmol/L to accelerate mitochondrial Ca 2ϩ efflux via the mNCE. 17 For the protocol in Figure 6D , myocytes were depolarized at 4 Hz for 3 minutes in the presence of isoproterenol (100 nmol/L) as described previously. 24 ] m , myocytes were loaded with the cell-permeable Ca 2ϩ indicator rhod-2 acetoxymethyl esther (rhod-2 AM, 3 mol/L; Invitrogen), which locates primarily to mitochondria, and then dialyzed with a pipette solution that contained indo-1 salt to monitor [Ca 2ϩ ] c , as described previously. 17 Alternatively, myocytes were loaded with the H 2 O 2 -sensitive 5-(-6)-chloromethyl-2Ј,7Ј-dichlorohydrofluorescein diacetate (CM-H 2 DCFDA; Invitrogen), which locates primarily to mitochondria, 27 and dialyzed with dye-free pipette solution. The fluorescent product CM-DCF was monitored together with the autofluorescence of NAD(P)H (online-only Data Supplement Figures I through III).
Fluorescence Recordings to

Field Stimulation in Failing and Nonfailing Myocytes
For the experiments in Figure 6C , myocytes were field stimulated in a heated chamber (37°C) at 4 Hz in the presence of isoproterenol as described previously, 24 and H 2 O 2 formation was recorded by CM-DCF fluorescence in the absence and presence of CGP-37157 (1 mol/L), respectively.
Statistical Analysis
Values are given as meanϮSEM. Statistical analysis was performed with 2-way ANOVA (Figures 2F and 2G) and 1-way (Figures 4B through 4D, 5C, 6C, and 6D) or 2-way ( Figure 2C ) ANOVA for repeated measures, respectively. An unpaired or paired t test was applied for Figures 6A and 6B, respectively, and linear regression analysis was applied in Figures 3F and 4E . Analysis was performed with SPSS (ANOVA) and GraphPad Prism (t tests, regression analysis; version 3.00 for Windows, GraphPad Software; San Diego, Calif). (Figure 2 ), the amplitudes of [Ca 2ϩ ] c transients ( Figure 3B ) and changes of diastolic [Ca 2ϩ ] m ( Figure 3C ) were included in this Figure, which facilitates cross comparisons with the analysis of NAD(P)H and H 2 O 2 . CM-DCF oxidation increased immediately on electrical stimulation of myocytes ( Figure 3E ), whereas the redox state of NAD(P)H/NAD(P) ϩ was maintained during the first 3 minutes of stimulation ( Figure 3D ). After ␤-adrenergic stimulation, when I Ca,L and ⌬[Ca 2ϩ ] c increased rapidly, NAD(P)H was oxidized within the first minute ( Figures 3A, 3B, and 3D) . At the same time, the rate of CM-DCF oxidation increased Ϸ6-fold ( Figures 3E  and 3G ). The degrees of NAD(P)H and CM-DCF oxidation both correlated with the absolute increase of I Ca,L within the first 30 seconds after isoproterenol exposure (rϭ0.58 and Ϫ0.65, PϽ0.05, respectively; not shown). This indicates that the more abrupt the transition of workload was, the more NAD(P)H was temporarily oxidized and the more H 2 O 2 increased.
Results
Beat-to-Beat
The initial oxidation of NAD(P)H was followed by its continuous recovery over the next 5 minutes ( Figure 3D ). This recovery correlated closely with the increase in diastolic [Ca 2ϩ ] m ( Figures 3C, 3D , and 3F), in line with the concept that [Ca 2ϩ ] m activates rate-controlling dehydrogenases of the Krebs cycle to accelerate the regeneration of NAD(P)H. 14 -17 The rate of mitochondrial formation of H 2 O 2 peaked 1 minute after application of isoproterenol (at minute 6 of the protocol), when NAD(P)H was maximally oxidized ( Figure 3G ). With the subsequent Ca 2ϩ -induced recovery of NAD(P)H, net H 2 O 2 formation decreased in parallel, reaching a new steady state at a rate comparable to the level before ␤-adrenergic stimulation, albeit at more reduced NAD(P)H/ NAD(P) ϩ ( Figure 3G ).
Blocking Mitochondrial Ca 2؉ Uptake Increases H 2 O 2
To causally relate the regulation of NAD(P)H/NAD(P) ϩ and H 2 O 2 to mitochondrial Ca 2ϩ uptake, the MCU was blocked by the addition of Ru360 (1 mol/L) to the pipette solution. Despite a similar increase in I Ca,L and ⌬[Ca 2ϩ ] c after ␤-adrenergic stimulation (Figures 2A and 4A) , the lack of mitochondrial Ca 2ϩ accumulation potentiated the initial oxidation and blunted the recovery of NAD(P)H, which resulted in more oxidized NAD(P)H/NAD(P) ϩ than in control conditions ( Figures 4B and 4C ). This was associated with an elevated rate of H 2 O 2 formation ( Figure 4D ). When both groups were combined, the NAD(P)H/NAD(P) ϩ redox state correlated positively with [Ca 2ϩ ] m ( Figure 4E ) but inversely with H 2 O 2 ( Figure 4F ). (Figures 5A and 5B ).
Elevation of [Na
Deficient Mitochondrial Ca 2؉ Uptake Accounts for Increased ROS in Heart Failure
In a guinea pig model of heart failure (induced by ascending aortic banding), [Na ϩ ] i increased from 5 to 17 mmol/L in failing versus nonfailing myocytes, and NAD(P)H oxidized in response to an abrupt increase in workload. 24 After 4 weeks, aortic banding induced left ventricular hypertrophy and contractile dysfunction in vivo ( Figures 6A and 6B) . Myocytes from failing hearts displayed a 20-fold increase in the rate of CM-DCF oxidation compared with control myocytes after abruptly enhancing workload in vitro ( Figure 6C ). This marked increase in H 2 O 2 was prevented by the inhibition of the mNCE with CGP-37157 ( Figure 6C ), which potentiates mitochondrial Ca 2ϩ accumulation in nonfailing and failing cells 17, 24 and prevents NAD(P)H oxidation in failing myocytes. 24 To Figure 6D ).
Discussion
The main findings of the present study are that during transitions of workload, (1) transient oxidations of NAD(P)H Figure 5 . Elevated [Na ϩ ] i increases ROS production in normal myocytes. A similar protocol as in Figure 2 
Oxidative Stress in Heart Failure
Increased oxidative stress is observed in the plasma and myocardium of patients with heart failure and is related to an impairment of left ventricular function. 30 -32 Indeed, animal models suggest a causal link between oxidative stress and the progression of contractile dysfunction to overt heart failure. 1, 3, 4 Besides NADPH oxidase, xanthine oxidase, and uncoupled nitric oxide synthases, mitochondria are important sources of ROS. 1, 5, 31 The relative contribution of these different sources to overall oxidative stress in the failing heart, however, is presently unknown. Owing to the short half-life and high reactivity of ROS, microdomains of ROS may exist with differential effects on cell function, depending on their subcellular localization and source. For instance, although NADPH oxidase-derived ROS are involved in the development of cardiac hypertrophy, 33, 34 mitochondrial ROS induce energetic deficits, 27 apoptosis, 12 an impairment of EC coupling, 7 and arrhythmias. 9 However, the precise regulation of mitochondrial ROS production under physiological and pathological conditions, especially in intact cells, is incompletely understood.
Regulation of Mitochondrial ROS Production
In studies on isolated mitochondria, electrons leak from complexes I and III of the ETC to O 2 , producing ⅐ O 2 Ϫ . A greater reduction of these complexes (for example, when NADH is highly reduced in the absence of ADP at low rates of respiration ["state 4"]) increases the probability of electron leak and ROS production. 2, 35 Initiation of NADH oxidation by the addition of ADP ("state 3" respiration) or partial uncoupling of mitochondria (eg, with chemical protonophores) can decrease ROS production. 36, 37 According to this model, one might expect that an increase in work (and thus, oxygen consumption) would favor a decrease of ROS levels. 2 However, this model of ROS production is largely based on the behavior of isolated mitochondria under specific in vitro conditions, including the use of inhibitors of the ETC, which may not reflect the physiological situation in intact cells. Within the cellular lattice of intact myocytes, close association of mitochondria with Ca 2ϩ stores and ATP-consuming sites (so-called microdomains) plays a key role in Ca 2ϩ -and ADP-mediated regulation of mitochondrial function. 38, 39 Furthermore, because the heart never stops beating, there is always a certain level of ADP-induced respiration, and thus, pure state 4 respiration never occurs. 14 Therefore, in the present study, we analyzed ROS production under more physiological conditions (ie, during state 3 respiration), with mitochondria spatially and functionally integrated into their native environment.
Using a novel technique in which patch clamping was combined with fluorescence microscopy in working myocytes, we observed that initiation of work (imposed by EC coupling) increased mitochondrial ROS production. Although this is in contrast to what would be expected from results on isolated mitochondria, 2, [35] [36] [37] it is in line with a report on intact cardiac myocytes, in which an increase of the stimulation frequency potentiated intracellular ROS production. 40 Furthermore, we observed an inverse relation between the redox state of NAD(P)H and mitochondrial net formation of H 2 O 2 ( Figure 4F ). Again, this is in contrast to results from isolated mitochondria, in which under state 4 conditions, the redox state of NAD(P)H correlated positively with ROS formation, 37 but it is in line with our previous observations in quiescent cardiac myocytes, where rapid dissipations of the mitochondrial membrane potential (⌬⌿ m ) resulted in oxidation of NAD(P)H and increased ROS production. 27 In the latter study, the increase in ROS production was related to acceleration of electron flow through the ETC and thus an increased turnover rate in the Q cycle of complex III, a major source of ⅐ O 2 Ϫ in mitochondria. 27 Accordingly, in the present study, ROS production was accelerated when the ETC was uncoupled with FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone], which results in increased electron flux along the ETC until NADH is completely consumed, but it was reduced when electron flux was blocked by cyanide (online-only Data Supplement Figure III) .
One major conclusion derived from the present experiments is that in working myocytes, ROS formation not only depends on the rate of electron flux along the ETC but is also dynamically regulated by the redox state of the mitochondrial matrix. Although the amplitude of [Ca 2ϩ ] c transients (which correlates with the amount of work and thus electron flux along the ETC 14 ) was comparable 1 and 4 minutes after isoproterenol application (ie, at minutes 6 and 9 of the protocol in Figure 3B ), net H 2 O 2 formation was substantially higher at the earlier time point, when NAD(P)H was more oxidized ( Figure 3G ). Because the elimination of H 2 O 2 is governed by peroxiredoxin and glutathione peroxidase, which require electrons from reduced NAD(P)H and glutathione, respectively (Figure 1 ), 25 these results suggest that fluctuations in the NAD(P)H/NAD(P) ϩ redox state translate into variations in the antioxidative capacity of the matrix and thus net H 2 O 2 formation. These conclusions are supported by our previous observations in quiescent cardiac myocytes, in which NAD(P)H correlated positively with the glutathione redox state but inversely with ROS formation. 26 Inhibition of the nicotinamide nucleotide transhydrogenase or glutathione reductase, 2 key enzymes that mediate electron and proton transfer from NADH to NADPH and from NADPH to glutathione, respectively (Figure 1 ), potentiated the formation of H 2 O 2 . 26 Also in isolated mitochondria, the glutathione redox state correlated closely with net H 2 O 2 formation. 41 After the initial oxidation of NAD(P)H to NAD(P) ϩ , the subsequent recovery of NAD(P)H was causally linked to progressive mitochondrial Ca 2ϩ accumulation, because inhibition of the MCU blunted this recovery. In line with the inverse correlation between NAD(P)H and H 2 [15] [16] [17] and (2) the regeneration of antioxidative enzymes depends on NADPH, which in turn is regenerated by substrates derived from the Krebs cycle (Figure 1) . 25 Besides the difference in [Na ϩ ] i , other factors may contribute to reduced mitochondrial Ca 2ϩ uptake or increased ROS formation in failing myocytes. In a recent patch-clamp study on isolated mitochondria, the activity of mitochondrial Ca 2ϩ channels (termed mCa1 and mCa2) was decreased in mitochondria from failing compared with nonfailing human myocardium. 42 Furthermore, ⌬⌿ m , the driving force for mitochondrial Ca 2ϩ uptake via the MCU (or mCa1/mCa2, 42 respectively), was decreased in mitochondria from failing hearts. 43 All of these changes in concert would predict deficient mitochondrial Ca 2ϩ uptake in heart failure and, according to the present results, could potentiate mitochondrial ROS production.
Pathophysiological Implications and Conclusions
H 2 O 2 activates the late Na ϩ current (I Na ) and increases [Na ϩ ] i in cardiac myocytes. 44 One potential mechanism for this activation is that Ca 2ϩ /calmodulin kinase II is activated by ROS-induced methionine oxidation, 10 and Ca 2ϩ /calmodulin kinase II interacts with the Na ϩ channel, increasing late I Na and [Na ϩ ] i . 45 Thus, in heart failure, a vicious circle of elevated [Na ϩ ] i and oxidative stress may be established. Together with ROS-induced inhibition of sarcoplasmic reticulum Ca 2ϩ ATPase, 6 activation of ryanodine receptors, 7 and the sarcolemmal Na ϩ /Ca 2ϩ exchanger (in its reverse mode), 46 this vicious circle may sustain defects of EC coupling typically observed in heart failure.
In conclusion, we have identified a previously unrecognized role of mitochondrial Ca 2ϩ uptake for the control of mitochondrial H 2 O 2 levels and revealed a pathophysiological mechanism by which elevated [Na ϩ ] i increases mitochondrial H 2 O 2 in myocytes (Figure 1 ). Given that in addition to their negative effects on EC coupling and energetics, 6,7,10,27,44 -46 mitochondrial ROS trigger apoptosis 12 and cardiac arrhythmias, 9 and given that oxidative stress has been linked to cardiac remodeling by inducing hypertrophic growth through activation of MAP kinases, 1 Ca 2ϩ /calmodulin kinase II, 10 and histone-deacetylase 4, 11 therapeutic strategies aimed at correcting [Na ϩ ] i or mitochondrial Ca 2ϩ uptake in heart failure may be beneficial via a reduction in oxidative stress. Finally, this mechanism may also be of relevance for ischemia/ reperfusion, during which a massive [Na ϩ ] i overload occurs 23 and oxidative stress and cell death develop.
